o r P e e r R e v i e w 2 ABSTRACT Purpose: Loudness is a major auditory dimension of tinnitus, and is used to diagnose severity, counsel patients or as a measure of clinical efficacy in audiological research. There is no standard test for tinnitus loudness, but matching and rating methods are popular. This article provides important new knowledge about the reliability and validity of an audiologist-administered tinnitus loudness matching test and a patient-reported tinnitus loudness rating.
INTRODUCTION
Tinnitus has auditory, psychological and social dimensions. Psychoacoustic testing of tinnitus by otologists and audiologists typically includes tinnitus loudness and pitch matching, minimum masking levels, and residual inhibition testing (Tunkel et al., 2014) . Tinnitus loudness is an important auditory dimension, notably for evaluating patient benefit from tinnitus treatment perhaps more so than for diagnosing tinnitus severity (Tunkel et al., 2014) . For example, a systematic review of 228 tinnitus intervention trials found that 14% of clinical studies chose loudness as a primary outcome for assessing therapeutic benefit . Unfortunately currently there is no standard test for measuring tinnitus loudness. Indeed, the same review by Hall and colleagues (2016) identified a diverse range of instruments in use for measuring tinnitus loudness; not only those mentioned by Tunkel et al (2014) but also loudness discomfort level, Visual Analogue Scales and other numerical rating scales. These instruments are used by clinicians with the understanding that they all measure the same construct (i.e. that they have convergent validity).
The American Academy of Otolaryngology-Head and Neck Surgery Foundation (AAO-HNSF)
clinical practice guideline recommended that further research is needed to determine a reliable assessment of perceived tinnitus loudness (Tunkel et al., 2014) . Knowledge about the statistical properties of each method can be highly informative for helping clinicians to choose between different assessments (Prinsen et al., 2016) , although these properties are not necessarily fixed across populations (Feldt & Brennan, 1989) . Reliability and validity are two major properties that should be measured to improve the clinical relevance of instruments to be used for evaluative purposes. A number of studies do report reliability of tinnitus loudness matching, but in some studies the main question focussed on comparisons of procedural variation in tests (Henry et This Research Note addresses that gap by presenting evidence on the reliability and validity of two tinnitus loudness measures that are both feasible to conduct in clinic. The two measures were a audiologist-administered test (a tinnitus loudness matching method) and a patient-reported measure (a numerical rating scale of loudness). Tinnitus loudness matching and a numerical rating scale from 0 to 10 are both very common in clinical research . A particular strength of our approach was that our statistical analysis was informed by an international standard for evaluating the psychometric properties of instruments for clinical research (Mokkink et al., 2010; Terwee et al., 2007) .
In addition to this, we examine whether the tinnitus loudness matching expressed in units of dB Hearing Level (HL) or dB Sensation Level (SL) contributes any additional error in the measurement (see Henry et al., 1999) . While dB HL reflects the level of the tone that is perceived as having the same loudness as the tinnitus (taken from the audiometer scale), dB SL is the difference between that measure and the hearing threshold at the same frequency. Loudness expressed in dB SL thus introduces another source of within-subject variability which may affect overall reliability of the method. For example, Henry and colleagues (1999) concluded that dB SL was less reliable, but their dependence on the Pearson's correlation coefficient warrants further investigation because this statistic does not take systematic error into account (Mokkink et al., 2010) . It is clear from this brief summary of the literature, that there is little evidence available to help clinical researchers identify the most appropriate measure of tinnitus loudness that is valid and practical to use.
METHODS
This was a retrospective analysis of tinnitus loudness data collected as part of a randomised, placebo-controlled, blinded, phase IIa trial assessing 28-days 800mg once-daily dosing of a new 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   5 medicine (AUT00063) (QUIET-1, ClinicalTrials.gov Identifier:NCT02315508). Fifteen NHS sites in England were involved in the trial, recruiting participants by direct physician referral, GP surgeries, ENT and Audiology clinics, pharmacies and features in newspapers, magazines, radio, websites and social media. Eligibility criteria relating to tinnitus were a stable subjective tinnitus that was consistent from day to day, duration of tinnitus between 6 and 18 months and a global score of 24 to 68 on the Tinnitus Functional Index (Meikle et al., 2012) . Tinnitus loudness measures were completed at the Screening visit (up to 28 days before dosing), Day1 visit (first dose), and Day28 visit (study end-point). The Screening and Day1 visits occurred before any drug was taken and so provide the loudness data for reliability analyses. Data were considered suitable because the scores between test and retest were expected to be stable (interval: 3 -35 days) and none of the participants received any interventions for their tinnitus between these visits. The type of administration, environment and instructions were the same for all measurements and all visits. The loudness data This Research Note does not report any findings related to clinical efficacy. The reliability and validity analyses reported here were guided by an international standard for evaluating the psychometric properties of instruments for clinical research (Mokkink et al., 2010) , that we have previously implemented for evaluating the Tinnitus Functional Index questionnaire (Fackrell et al., 2016) . We used criteria for good measurement properties reported by Terwee et al. (2007) . (Sereda et al., 2011) . Hence, loudness matching at the dominant tinnitus pitch introduces a risk of bias when interpreting the loudness estimate because it can be unduly affected by loudness recruitment (an abnormal growth in the perception of loudness associated with sensorineural hearing loss). In our procedure, an audiologist adjusted the level of a 1-kHz tone in the non-tinnitus ear (or ear where the tinnitus was least dominant) in 2-dB steps using a staircase (up-down) method until its loudness was "about the same" as the participant's tinnitus (see Vernon and Meikle, 1981) . Although responses may be variable with 2-dB steps, two match responses were obtained at the lowest level for that level to be recorded as the loudness match. Loudness was expressed in units of dB HL and dB SL. The loudness matching test took about 15 minutes to complete with an audiometer.
Measures
Tinnitus loudness rating. Question 2 of the Tinnitus Functional Index provided the patient-reported measure of loudness rating. Patients rated how loud their tinnitus had been over the past week on an 11-point (0-10) Likert scale, with higher scores indicating greater levels of loudness (Meikle et al., 2012) . For analysis purposes, the scale was treated as continuous which is reasonable because there are 11-points, the underlying concept is on a continuous scale and the interval between points are approximately equal (Johnson and Creech, 1983; Zumbo and Zimmerman, 1993) . Moreover comparing measures of central tendency (i.e. mean and median) confirmed a symmetric distribution since these values were approximately equal. This question took minimal time to complete and required no expertise or specialised instrumentation.
Clinical Global Impression (CGI) scale. On Day28, participants were also asked to rate the extent to which they had experienced any treatment-related change on a single 7-point Likert scale with categories from 'much worse' to 'much improved', with 'no change' at the mid-point. 
ANALYSES AND RESULTS

Reliability
Reliability refers to the consistency of the measurement in test-retest situations and all analyses used the data collected on Screening and Day1 visits (n = 91). Two measurement properties are relevant; reliability and measurement error (Mokkink et al., 2010; Terwee et al., 2007) . It can be rather confusing that the same term 'reliability' refers to both the category and one of the measurement properties within that category. We try to avoid confusion by referring to the measurement property as 'test-retest reliability'. Test-rest reliability indicates how well participants can be distinguished from each other, despite measurement errors. Measurement error refers to the difference between a measured value of loudness and its true value.
Test-retest reliability using IntraClass Correlation (ICC).
Test-retest reliability was computed using the measurement variance over two time points with the same participants (n=91). An ICC is the ratio of all variances ranging from 0 (no reliability) to 1 (perfect reliability), with 0.4 to 0.7 considered acceptable (Andresen, 2000) . The ICC findings were obtained using a two-way random-effects model in SPSS and are shown in Table 1 . Results indicate that 70% (dB HL) and 67% (dB SL) of the variability in the observed tinnitus loudness matching scores could be attributed to the true score. For tinnitus loudness rating, it was 66%. All findings are acceptable and we interpret this result as indicating that the way in which participants differed from one another at test was reasonably stable at retest. The Bland-Altman method (1986) for LoA calculates the mean difference in scores between two repeated visits (the 'bias') and 95% limits of agreement. The assumption is that if there is complete agreement between the scores, the mean difference between the scores of two measures would be zero and, assuming that the difference scores are normally distributed, then 95% of data points would be within ±2 standard deviations of the mean difference. Plots of these distributions are shown in Figure 1 and findings are also tabulated (Table 1) . First, the LoA data demonstrate that being enrolled in the clinical trial did not unduly bias the loudness data because the difference in loudness scores were evenly distributed around the mean zero position. Notably, one would expect any systematic bias from one testing session to another to be visible in these plots either in terms of a weighting in the difference in loudness scores above or below the zero line (e.g if re-test scores were consistently lower at one of the testing visits) or in terms of a funnel shape (e.g. if the difference scores were influenced by the magnitude of the initial loudness score Interpreting the measurement errors. Terwee's criteria for acceptable confidence in the observed estimates of psychometric reliability require that the LoA is higher than the reported SEM values and that the SDC values are broadly equivalent to their LoA counterparts (Terwee et al., 2007) . In summary, these criteria were achieved for all loudness measures. Expressing tinnitus loudness matching in dB HL or SL made no material difference, for this group of participants. While Henry et al. (1999) had expressed a concern that loudness expressed in dB SL introduced another source of within-subject variability, we found no evidence to suggest that this affected overall reliability.
The effects of test-retest interval on reliability:
All estimates were consistent with a rather high measurement error relative to the absolute mean score on each loudness measurement. Since patients were re-assessed across a rather wide interval (3-35 days), and since Terwee et al. (2007) recommend an interval of up to 2 weeks for such an analysis, we wondered whether longer testretest intervals were associated with a higher measurement error than shorter intervals. To address this question, the dataset was split into two subgroups (3-19 days and 20-35 days, comprising n=47 and n=44 patients respectively) for a post hoc analysis. Results for tinnitus loudness matching (presented in Table 2 ), fail to show any substantive difference in reliability across the two subgroups.
Thus our previous findings were confirmed. (Figure 2 ). The 'slightly improved' category had a 0.97 unit mean reduction compared to the 'no change' category, and the 'much improved' category had a 2.41 unit mean reduction. In contrast, tinnitus loudness matching was rather flat, and one of the change categories did not make intuitive sense (the 'slightly worsened' loudness (dB SL) corresponded to a decrease in the loudness estimate), but the confidence intervals around this estimate were large.
Our findings are indicative rather than definitive, since the magnitude of loudness changes between adjacent categories fell within the measurement error.
Convergent validity using correlation. If the two loudness tests measure the same theoretical construct, then they should show excellent convergent validity. A correlation coefficient ≥ 0.60 indicates excellent convergence, and 0.30-0.59 is acceptable (Andresen, 2000) . This question was investigated using the Day1 ('pre-dose') data (n=91). A Spearman's correlation was calculated because the tinnitus loudness matching data (dB SL) were not normally distributed (i.e. they were Page 10 of 20 American Journal of Audiology   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w 11 positively skewed). The tinnitus loudness rating had either poor or borderline acceptable convergence with the two tinnitus loudness matches (0.35 for dB HL, and 0.29 for dB SL). Tinnitus loudness matches in dB HL and dB SL showed acceptable convergent validity with one another (0.57). But even this estimate is surprisingly lower than expected given that these measurements points originate from the same test.
DISCUSSION
Our psychometric exploration of the reliability and validity of two tinnitus loudness measures generated a number of findings that are important for selecting a measure of tinnitus loudness for clinical research.
Test-retest reliability assessed by the ICC was acceptable, meaning that participants could be distinguished from each other, despite measurement error. However, measurement error was rather large for both tinnitus loudness tests that we investigated. The more conservative estimate of measurement error is given by the SDC which was 21 dB HL and 20 dB SL for the tinnitus loudness matching test, and 3.5 points for the single tinnitus loudness rating question. The measurement (im)precision is such that large changes exceeding the SDC would be needed in order for that change to be attributed to a tinnitus intervention, and not simply to measurement error. For tinnitus loudness matching, the loudness estimate would need to change by approximately 200% from its baseline value for it to indicate a reliable change. This makes the loudness matching test somewhat undesirable, irrespective of whether the measurement is in dB HL or dB SL (c.f. Henry et al., 1999) .
Furthermore, the too many low scores in the distribution for dB SL would violate the normality distribution assumption required for parametric statistical testing. For tinnitus loudness rating that change would need to be 50% of its baseline value. While the tinnitus loudness rating is appealing in terms of this property, single-item measurement instruments tend to be viewed as 'psychometrically suspect'; (i) they are more vulnerable to random measurement errors which are more likely to be Page 11 of 20 American Journal of Audiology   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w 12 eliminated with multiple items, (ii) the reliability statistic 'internal consistency' cannot be computed, and (iii) they are more vulnerable to unknown biases in meaning and interpretation.
Any preference for tinnitus loudness rating over tinnitus loudness matching should take into account the degree to which each measure captured a clinically relevant aspect of tinnitus, as experienced by the participant. The tinnitus loudness rating had some degree of face validity, for example with an observed reduction of 0.97 ('slightly improved' -'no change' CGI categories); a magnitude that is comparable to that reported by Adamchic at al. (2012) . However, this needs to be tempered by the effect of measurement error; not considered by Adamchic at al. (2012) . The magnitude of this minimum threshold for distinguishing between patient groups could not be distinguished from measurement error. What this means, in the context of clinical research, is a reduced ability to statistically detect the smallest differences between treatment and control groups that are meaningful to patients, one would have to rely on the tinnitus loudness ratings of 'much/very much' changed to have confidence that the change was above error.
Finally, the tinnitus loudness rating question seemed to be measuring a different theoretical concept from the loudness matching test because the two measurements had rather poor convergent validity. This observation is noteworthy given that investigators consider these instruments as equivalent and hence interchangeable. Other studies have reported a high correlation between tinnitus loudness rating and global scores on a multi-attribute, multi-item tinnitus questionnaire (e.g. Adamchic et al., 2012; Zenner and Maddalena, 2005) ; suggesting that they measure a similar construct. These findings would therefore suggest that the single question about loudness is interpreted by patients as synonymous with overall tinnitus impact.
In conclusion, the implication for clinicians is that while the tinnitus loudness matching test administered by an audiologist assesses perceptual attributes of tinnitus, the tinnitus loudness rating (a patient-reported measure) might instead be assessing its subjective impact. Our specific conclusions about tinnitus loudness matching are limited to a 1-kHz tone, and cannot be Page 12 of 20 American Journal of Audiology   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w 13 extrapolated to other tone stimuli (e.g. those corresponding to the dominant tinnitus pitch). In terms of the main research questions, tinnitus loudness rating performed better against acceptability criteria for reliability and validity than did the tinnitus loudness matching. But the rating question is still limited because it is a single-item instrument, is likely able to detect only large changes in tinnitus loudness after treatment or between patient groups that probably correspond to perceptions of 'much/very much' changed, and may be assessing overall tinnitus impact rather than loudness per se . 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Table 1 for actual values). Solid black lines = the 95% limits of agreement. and 'moderately improved' were pooled together (n=8), and so were categories for 'moderately worse' to 'much worse' (n=6). The number of participants in each of the other categories was:
'slightly improved' (n=8), 'no change' (n=47), and 'slightly worse' (n=7).
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